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MAGNETIC RECORDING MEDIUM AND ITS MANUFACTURING METHOD 
AND MAGNETIC RECORDING SYSTEM USING SUCH A MAGNETIC 

RECORDING MEDIUM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention: 

The present invention relates to a perpendicular 
magnetic recording medium, a process of production 
thereof, and a magnetic storage equipped therewith. The 
perpendicular magnetic recording medium has a magnetic 
layer composed of columnar magnetic crystal grains whose 
principal component is cobalt, and it is characterized 
by reduced thermal decay. The magnetic storage has a 
recording density in excess of 50 Gbit/in 2 . 

2. Description of the Related Arts: 

There is an increasing demand for higher recording 
density in magnetic storage from the standpoint of in- 
creasing the storage capacity, miniaturizing the appara- 
tus, and reducing the number of parts. The existing 
magnetic recording medium is based on longitudinal mag- 
netic recording. It records information by means of 
mutually opposed domains (recording bits) which are 
magnetized in the direction parallel to the surface of 
the substrate. For a longitudinal magnetic recording 
medium to be capable of high-density recording, it 
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should have a low noise level. One effective way of 
noise reduction is finely reducing in size of crystal 
grains and even out particle diameters (or reduce the 
dispersion of particle diameters) . This is exemplified 
by the invention (disclosed in Japanese Patent Laid-open 
No. 269548/ 1998) relating to a longitudinal recording 
medium which specifies for noise reduction the optimum 
particle diameter and the optimum dispersion of particle 
diameters. 

Increasing the recording density in longitudinal 
magnetic recording will have a limit because of the 
necessity for more finely reduced crystal grains than 
before. However, extremely small crystal grains encoun- 
ter problems with thermal decay. In other words, their 
magnetization for recording is decayed by even such 
small thermal energy as generated at room temperature. 
In order to address the problem with thermal decay, 
there has been proposed the perpendicular magnetic re- 
cording system, which is attracting great attention. It 
is essentially suitable for high-density recording by 
virtue of its property that the thermal stability of 
magnetization improves as the recording density in- 
creases . 

The recording medium for perpendicular magnetiza- 
tion under wide study is one which has a magnetic layer 



composed of practically columnar crystal grains, with 
their (00.1) plane oriented nearly parallel to the sur- 
face of the substrate for their magnetic anisotropy in 
the direction perpendicular to the substrate. The most 
widely studied recording medium with a CoCr alloy mag- 
netic film has a coercive force of about 3000 Oe 
(equivalent to approximately 79.7 A/m in SI unit). In 
order to put to practical use the magnetic recording 
medium composed mainly of cobalt, the present inventors 
carried out extensive studies, which led to an important 
finding that a magnetic film of cobalt alloy with the c- 
axis (or the (00.1) direction) oriented perpendicular to 
the surface of the substrate has a stacking fault den- 
sity which is two to three times higher than that of 
cobalt alloy magnetic film with longitudinal orientation. 

The perpendicular magnetic recording also needs a 
magnetic recording medium with low noise and high ther- 
mal stability. No matter whether it is of longitudinal 
recording type or perpendicular recording type, the 
magnetic layer with many stacking faults will be poor in 
magnetic anisotropy, coercivity, and thermal stability. 
For high thermal stability of recording magnetization, 
it is necessary to reduce the stacking fault density in 
the magnetic film. 

The major cause of stacking faults is ingression of 



a plane corresponding to the fee-like structure into the 
hep structure. It is believed that the stacking fault 
density will decrease if the magnetic film is formed at 
a low temperature desirable for the hep structure to be 
stable. However, the present inventors' elucidation 
suggests that the magnetic film formed at low tempera- 
tures decreases in stacking fault density but does not 
increase in coercive force because crystal grains con- 
stituting the magnetic film have a broad distribution of 
particle diameters. Raising the film-forming tempera- 
ture to reduce the dispersion of particle diameters 
increases the stacking fault density, with coercivity 
remaining low . 

The longitudinal magnetic recording medium is in- 
herently little subject to stacking faults because crys- 
tal grains constituting the magnetic layer are epitaxi- 
ally grown on the underlayer such that the c-axis of 
magnetic grain is longitudinally oriented. Epitaxial 
growth takes place in the direction toward the most 
stable energy state. Thus, there is almost no possibil- 
ity that epitaxial growth brings about an unstable en- 
ergy state due to ingression of a crystal phase differ- 
ent from that of the fee structure. 

It was found from the present inventors' investiga- 
tion that the stacking fault density in the longitudinal 
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magnetic recording medium formed at about 250°C is one 
half to one-third of that in the perpendicular magnetic 
recording medium. It was also found that the dispersion 
of particle diameters in the longitudinal magnetic re- 
cording medium is about 0.3 to 0.4, which is determined 
almost entirely by the dispersion of particle diameters 
in the underlying film of chromium alloy and which does 
not depend on the film-forming temperature. 

The film-forming temperature affects the stacking 
fault density and the dispersion of particle diameters 
as shown in Figs. 1 and 2 respectively. It is to be 
noted from Fig. 1 that the stacking fault density de- 
creases as the film- forming temperature decreases. It 
is also to be noted from Fig. 2 that the dispersion of 
particle diameters increases as the film-forming tem- 
perature decreases. This suggests that it is difficult, 
to have both of a low stacking fault density and a low 
dispersion of particle diameters. Such an antinomic 
relation of the film-forming temperature with the stack- 
ing fault density and the dispersion of particle diame- 
ters has never been anticipated in the technology of 
longitudinal magnetic recording medium. 

OBJECT AND SUMMARY OF THE INVENTION 

It is an object of the present invention to provide 
a perpendicular magnetic recording medium which is made 
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of conventional CoCr alloy as a magnetic material and 
yet has good thermal stability owing to adequate control 
over the stacking fault density and the dispersion of 
particle diameters. Being made of a conventional mag- 
netic material, the recording medium is economically 
advantageous. 

It is another object of the present invention to 
provide a method of adequately controlling the stacking 
fault density and the dispersion of particle diameters. 

The objects of the present are achieved by control- 
ling the stacking fault density (R) and the dispersion 
of particle diameters (AD/<D>) of the magnetic film, 
which is composed of magnetic crystal grains whose prin- 
cipal component is cobalt, such that the product of 
AD/<D> x R is no larger than 0.02. 

The stacking fault density relates with coercive 
force as shown in Fig. 3. Incidentally, dotted lines in 
Fig. 3 are contour lines for some values of the disper- 
sion of particle diameters which are determined by the 
coercive force and the stacking fault density. It is 
noted from Fig. 3 that the coercive force increases as 
the stacking fault density decreases and the coercive 
force slightly decreases as the stacking fault density 
decreases further (due to increase in the dispersion of 
particle diameters) . 
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Fig. 4 shows the contour lines of coercive force 
which are determined by the stacking fault density and 
the dispersion of particle diameters. It is noted that 
the coercive force no smaller than 4000 Oe is obtained 
in the area (under the thick line) in which the product 
of the stacking fault density and the dispersion of 
particle diameters is no larger than 0.02. The coercive 
force of 4000 Oe is necessary to suppress thermal decay. 
With a value of coercive force no smaller than 4000 Oe, 
the magnetic recording medium has a value of Ku-V/k-T no 
smaller than 60 which is necessary to ensure thermal 
stability for recording magnetization. This value is a 
parameter to indicate resistance to thermal decay. (In 
Ku-V/k-T, Ku denotes a magnetic anisotropy energy pos- 
sessed by crystal grains, V denotes a volume of crystal 
grains, k denotes the Boltzmann constant, and T denotes 
an absolute temperature.) According to the present 
invention, this parameter Ku-V/k-T should have a value no 
smaller than 60; otherwise, the magnetic recording me- 
dium is not of practical use because it remarkably de- 
creases in the amount of recorded magnetization. To 
achieve this object, the magnetic recording medium 
should have a coercive force no smaller than 4000 Oe in 
view of the fact that the existing cobalt-based magnetic 
material has a value of about 0\38 T (tesla) for satura- 



tion magnetization and the magnetic layer has a thick- 
ness of 18 nm and the magnetic crystal grains have an 
average particle diameter of about 12 nm (both attain- 
able by the present technology) . 

One way to decrease both the stacking fault density 
and the dispersion of particle diameters is to form the 
magnetic film at a temperature no lower than about 250°C 
and then anneal the resulting magnetic film. Film form- 
ing at a high temperature increases the stacking fault 
density, but annealing decreases the stacking fault 
density . 

The following is a probable reason why the stacking 
fault density is decreased by annealing. The magnetic 
film, which is formed usually by sputtering, is subject 
to stacking faults because sputtering, which is a non- 
equilibrium process, does not permit atoms constituting 
the magnetic film to diffuse completely into the film. 
In other words, sputtering fails to arrange atoms at 
energy-stable positions (or hep lattices) but results in 
stacking faults. Annealing after film formation moves 
atoms to the hep lattice positions. 

The present invention is also directed to a mag- 
netic recording/reading unit which is constructed of the 
above-mentioned magnetic recording medium, a drive 
mechanism to convey the recording medium, and a magnetic 
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head for record writing/reading, which is a component 
capable of producing a high magneto-resistive effect. 
The magnetic recording/ reading unit has a recording 
density in excess of 50 Gbit/in 2 . The magnetic head 
should preferably be one which utilizes the giant mag- 
neto-resistive effect, spin-valve effect, or tunneling 
magneto-resistive effect . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagram showing the relation between 
the stacking fault density and the film-forming tempera- 
ture in the conventional technology. 

Fig. 2 is a diagram showing the relation between 
the dispersion of particle diameters and the film- 
forming temperature in the conventional technology. 

Fig. 3 is a diagram showing the relation among the 
stacking fault density, the dispersion of particle di- . 
ameters, and the coercive force in the conventional 
technology. 

Fig. 4 is. a diagram showing the relation among the 
stacking fault density, the dispersion of particle di- 
ameters, and the coercive force in the conventional 
technology. 

Fig. 5 is a schematic diagram illustrating how to 
calculate the stacking fault density. 

Fig. 6 is a schematic diagram illustrating how to 
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calculate the dispersion of particle diameters. 

Fig. 7 is a diagram showing the relation between 
the coercive force and the variation of angles of the c- 
axis in the conventional technology. 

Fig. 8 is a schematic diagram showing the cross- 
section of the magnetic recording medium pertaining to 
the present invention. 

Fig. 9 is a diagram showing the relation among the 
stacking fault density, the dispersion of particle di- 
ameters, and the coercive force in Example 1 of the 
present invention . 

Fig. 10 is a diagram showing the relation among the 
stacking fault density, the dispersion of particle di- 
ameters, and the coercive force in Example 2 of the 
present invention . 

Fig. 11(a) is a plan view of the magnetic recording 
unit pertaining to the example of the present invention. 
Fig. 11(b) is a sectional view (taken along line A-A' ) 
of the magnetic recording unit pertaining to the example 
of the present invention. 

Fig. 12 is a schematic sectional view showing the 
magnetic head of write-read separate type. 

Fig. 13(a) is a histogram showing the distribution 
of stacking faults in the thickness direction of the 
magnetic film formed at 214°C. ~Fig. 13(b) is a histo- 
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gram showing the distribution of stacking faults in the 
thickness direction of the magnetic film formed at 330°C. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The embodiments of the present invention are de- 
scribed below with reference to the accompanying draw- 
ings. 

To start with, let us define the stacking fault 
density and the dispersion of particle diameters as 
follows . 

In the examples of the present invention, the 
stacking fault density is obtained from the image of the 
sectional structure of a sample of the magnetic film. 
The sectional structure is perpendicular to the surface 
of the substrate, and the image is taken by a transmis- 
sion electron microscope. Microscopic observation is 
carried out to give an image of crystal structure, with 
the object aperture and the defocus amount adequately 
controlled. The image of sectional structure thus ob- 
tained is scrutinized to select the particle on which 
the (11.0) plane is apparently visible. Layers having 
the (00.2) plane in the selected particle are sequen- 
tially examined, starting from the one adjacent to the 
surface of the substrate. The number of planes not 
assuming the hep structure is counted. The plane not 
assuming the hep structure is defined as shown in Fig. 5. 



The hep structure consists of identical layers stacked 
one over the other in the c-axis direction. If each 
equivalent layer is designated as A and B, the layer 
structure may be delineated as A, B, A, B, A, B, . . However, 
the layer structure with stacking faults may be deline- 
ated as A, B, A, C, A, C, . . , for example, where C denotes a 
third equivalent layer. The middle portion indicated by 
B,A, C constitutes the stacking fault, and it is the 
plane not assuming the hep structure. This portion is 
counted as one plane with stacking fault. The latter 
half portion indicated by C,A, C assumes the hep struc- 
ture, and hence it does not constitute the stacking 
fault. The number of planes with stacking faults di- 
vided by the total number of the (00.2) plane in the 
selected particle is then defined as the stacking fault 
density on the selected particle. The same measurement 
as above is repeated for a plurality of particles. The 
average of the results is the stacking fault density of 
the magnetic film of a given sample. 

The dispersion of particle diameters is also calcu- 
lated from an image taken by a transmission electron 
microscope as follows. First, a plan view image of the 
magnetic film is observed with a transmission electron 
microscope, and crystal lattice image observed from the 
direction perpendicular to the surface of the substrate 
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are photographed. The map of the grain boundary pro- 
duced from the lattice image thus obtained is schemati- 
cally shown in Fig. 6. The map of the grain boundary is 
scanned so as to count the number of pixels present 
within the boundary of one crystal grain. The number of 
pixels multiplied by the scale for conversion into area 
gives the area of one crystal grain. The diameter of 
the circle having the same area as the obtained grain 
area is regarded as the particle diameter of the crystal 
grain. This calculation is performed on about 300 crys- 
tal grains. The average of the particle diameters thus 
obtained is designated as average particle diameter <D>. 
Also, the standard deviation of the average particle 
diameter is calculated. It is designated as AD. The 
standard deviation is divided by the average particle 
diameter to give the dispersion of particle diameters, - 
which is designated as AD/<D>. 
Example 1 

This example demonstrates a perpendicular magnetic 
recording medium, whose schematic sectional view is 
shown in Fig. 8. The perpendicular magnetic recording 
medium is composed of a substrate 6, a soft magnetic 
layer 5, a non-magnetic intermediate layer 4, a cobalt 
alloy magnetic layer 3, a protective layer 2, and a 
lubricating layer 1, which are arranged one over another. 
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Incidentally, there is interposed a NiTaZr film between 
the substrate 6 and the soft magnetic layer 5 for better 
adhesion between them. The substrate 6 may be formed 
from chemically strengthened glass, crystallized glass, 
amorphous carbon, Al-Mg alloy (with NiP plating) , or the 
like . 

Each layer was formed on the crystallized glass 
substrate 6 by magnetron sputtering. First, on the 
substrate 6 was formed an intermediate layer (30 nm 
thick) from NiTa (37 . 5) Zr ( 10) , which is composed of 52.7 
at% Ni, 37.5 at% Ta, and 10 at% Zr. (This notation is 
used hereinafter.) 

Then, the soft magnetic layer 5 (400 nm thick) was 
formed from FeTa ( 10) C ( 1 6) . Other soft magnetic materi- 
als include FeTaC, FeTaN, and CoTaZr. The soft magnetic 
layer may be formed with its direction of magnetization 
fixed, or it may also be formed in combination with one 
or more layers which control crystalline characteristics. 

The surface of the soft magnetic layer 5 was heated 
to 330°C by using an infrared lamp so that the substrate 
acquired a temperature high enough for film forming. 
The non-magnetic intermediate layer 4, the magnetic 
layer 3, and the protective film 2 were formed sequen- 
tially. If the temperature of the substrate is not 
higher than 250°C, the dispersion of particle diameters 
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would be larger 0.4 as shown in Fig. 2. Such a condi- 
tion should be avoided. 

The non-magnetic intermediate layer 4 is a laminate 
consisting of a 4-nm thick film of NiTa (37 . 5) Zr ( 10) and 
a 1-nm thick film of CoCr(40). The former film permits 
the latter' s c-axis to orient in the perpendicular di- 
rection and also makes the latter' s crystal grains fine. 
The effect is that the magnetic layer formed on the CoCr 
film is composed of fine crystal grains. 

Incidentally, the above-mentioned non-magnetic 
intermediate layer 4 (in laminate form) may be replaced 
by a single non-magnetic film of NiTa, NiTaZr, CoCr, 
CoCrB, CoCrB, CoB, CoRu, TiCr, or the like. 

On the CoCr film was formed by sputtering the mag- 
netic layer 3 which is a 18-nm thick film of 
CoCr ( 19) Pt ( 14 ) . Sputtering was carried out at an argon, 
pressure of 0.5 Pa and a film-forming rate of 7.8 nm. 
The maximum degree of vacuum that was attained by the 
sputtering chamber was 5 jaPa . The protective layer 2 
has a thickness of 5 nm. The sample for performance 
evaluation was given the lubricating layer 1. 

The raw material for the magnetic layer 3 may in- 
clude, in addition to the above-mentioned CoCr ( 19) Pt ( 14 ) , 
CoCrPt alloys and CoCrPt alloys incorporated with one or 
more elements such as Ta, B, Nb," and Cu. Their examples 



are CoCr ( 19) Pt (14) , CoCr (22) Pt (14) , and 

CoCr ( 17 ) Pt ( 14 ) B ( 4 ) . Chromium in the magnetic film seg- 
regates more in grain boundaries than in grain interior, 
thereby lowering magnetic coupling between grains. 
Platinum enhances the magnetic anisotropy of crystal 
grains. The additional elements reduce the crystal 
particle diameter and lower magnetic coupling between 
adj acent particles . 

The thus formed magnetic film was heated at 370°C 
for 12 seconds by means of an infrared lamp. 

The sample was allowed to stand for 120 seconds in 
the evacuated chamber. Then, on the magnetic film was 
formed the protective layer 2 from carbon or a carbona- 
ceous material containing H or N. The protective layer 
2 is usually 2-5 nm thick. The protective layer 2 was 
further coated with the lubricating layer 1 (2-10 nm 
thick) of per f luoroalkyl polyether. Thus, there was 
obtained a highly reliable magnetic recording medium. 

For comparison of magnetic characteristics, com- 
parative samples of magnetic recording medium were pre- 
pared in the same way as mentioned above, except that 
annealing by an infrared lamp was not performed or the 
stacking fault density was varied by adjusting the film- 
forming temperature . 

Fig. 9 shows a comparison between the sample in 
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this example and the comparative sample. It is to.be 
noted that the sample in this example has a stacking 
fault density of 0.048 and a dispersion of particle 
diameters of 0.40, both measured according to the above- 
mentioned method. These values are remarkably lower 
than those of the comparative examples. The sample in 
this example was tested for magnetos tatic properties by 
using a vibrating sample magnetometer. It was found to 
have a coercive force of 4300 Oe and a_squareness of 
0.97, which are highly desirable values. This result 
suggests that the sample has a coercive force higher 
than 4000 Oe owing to its stacking fault density lower 
than 0.05 and its dispersion of particle diameters smal- 
ler than 0.4. 

The magnetic recording medium obtained in this 
example was mounted on a magnetic recording apparatus 
for evaluation of read/write characteristics. As shown 
in Fig. 11, this apparatus consists of a magnetic re- 
coding medium 111 and a drive 112 therefor, a magnetic 
head 113 and a drive 114 therefor, and a means 115 to 
process write/read signals to and from the magnetic head. 
As shown in Fig. 12, the magnetic head 113 consists of a 
main magnetic pole 101, a recording coil 102, an upper 
shield 103 (which functions also as an auxiliary pole) , 
a giant magneto-resistive element 104, and a lower 
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shield 105. The magnetic head 113 is of write/read, 
separate type, and it is formed on the magnetic head 
slider. The write unit, which is the single-pole type 
head, has a track width of 170 nm. The read unit has an 
effective track width of 124 nm. The shield space is 60 
nm. 

The write/read test was carried out under the fol- 
lowing conditions . 

• Linear recording density: 769 kFCI (kilo flux change 
per inch) 

• Track pitch: 195 nm 

• Distance between the magnetic head and the magnetic 
recording medium: 15 nm 

There was obtained an S/N ratio of 22.0 dB . This 
value is high enough for the magnetic recording medium 
to have a recording density in excess of 50 Gbit/in 2 . 

Then, the sample was examined for thermal stability 
which is crucial for high-density recording. This ob- 
ject was achieved by measuring the rate of decrease of 
the read output with time. This parameter is defined as 
a ratio of the difference between the read output meas- 
ured immediately after recording and the read output 
measured after standing for a certain period to the read 
output measured immediately after recording. The rate 
of decrease was 2% when the read* output was measured 100 
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hours after recording with a linear recording density of 
100 kFCI. This suggests that the sample will retain 
recorded data for a long period of time. The sample was 
also tested for the dependence of residual coercivity on 
the duration of magnetic field application. This test 
gave a value of Ku-V/k-T no smaller than 60. This result 
suggests that the sample has good thermal stability. 
Example 2 

The same procedure as in Example 1 was repeated 
except that annealing was carried out at a lower tem- 
perature and for a longer time. The resulting sample 
was tested for magnetic characteristics. There is an 
instance where annealing is performed on a number of 
magnetic recording media. In practice, however, it is 
usually impossible to hold all of them in a sputtering 
vacuum chamber with a limited capacity. So, it is nec-. 
essary to remove them out of a vacuum chamber. This is 
the reason why the magnetic recording medium needs a 
protective film for protection from oxidation. The 
protective film should preferably be made of a carbona- 
ceous material. To prevent carbon in the protective 
film from diffusing into the magnetic film, it is neces- 
sary not to heat the magnetic medium above 250°C. 

The sample of the magnetic recording medium in this 
example is somewhat similar in structure to that in 
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Example 1. It is composed of the following layers. 

• Intermediate layer: a laminate composed of a 2-nm 
thick film of NiTa (37 . 5) Zr (10) and a 3-nm thick film of 
CoCr (40) . 

• Magnetic film (20-nm thick) of CoCr ( 17 ) Pt ( 14 ) B ( 4 ) . 
© Protective film (5-nm thick) of carbon. 

After film formation, the sample was allowed to cool for 
8 hours in a constant temperature oven at 220°C. 

A comparative sample of magnetic recording medium 
was prepared in the same way as in Example 1, except 
that annealing was not performed. 

Fig. 10 shows a comparison between the sample in 
this example and the comparative sample. It is to be 
noted that the sample in this example has a stacking 
fault density of 0.050 and a dispersion of particle 
diameters of 0.39, both measured according to the above- 
mentioned method. These values are remarkably lower 
than those of the comparative example. The sample in 
this example was tested for magnetos tatic properties by 
using a vibrating sample magnetometer. It was found to 
have a coercive force of 4000 Oe and a_squareness of 
0.90, which are highly desirable values. Incidentally, 
the sample in this example was examined by a transmis- 
sion electron microscope before its annealing (for 8 
hours in a constant temperature oven) . It was found to 
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have a stacking fault density of 0.15 and a dispersion 
of particle diameters of 0.39. This result indicates 
that annealing for an extended time at a comparatively 
low temperature greatly reduces the stacking fault den- 
sity without changing the dispersion of particle diame- 
ters. The sample in this example has a stacking fault 
density lower than 0.05 and a dispersion of particle 
diameters lower than 0.4, and hence it has a coercive 
force higher than 4000 Oe . 

The magnetic recording medium obtained in this ex- 
ample was mounted on a magnetic recording apparatus 
(shown in Fig. 11) for evaluation of read/write charac- 
teristics. The write unit, which is the single-pole 
type head, has a track width of 170 nm. The read unit 
has an effective track width of 124 nm and a shield 
space of 60 nm. The read unit employs a giant magneto-, 
resistive element. The write/read test was carried out 
under the following conditions. 
® Linear recording density: 769 kFCI 

• Track pitch: 195 nm 

• Distance between the magnetic head and the magnetic 
recording medium: 15 nm 

There was obtained an S/N ratio of 20.3 dB. This 
value is high enough for the magnetic recording medium 
to have a recording density in excess of 50 Gbit/in 2 . 
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Then, the sample was examined for the rate of de- 
crease of the read output with time. The rate of de- 
crease was 2% when the read output was measured 100 
hours after recording with a linear recording density of 
100 kFCI. This suggests that the sample will retain 
recorded data for a long period of time. 
Example 3 

This example demonstrates the effect that is pro- 
duced by controlling the dispersion of angles of c-axis. 
One effective way to reduce the dispersion of particle 
diameters is to increase the dispersion of angles of 
c-axis of the columnar crystal grains constituting the 
magnetic film. The dispersion of angles of c-axis is 
defined as the full width at half maximum of the disper- 
sion of the angles which the (00.1) plane makes with the 
surface of the substrate. It is considered that the 
crystal grains constituting the magnetic film grow from 
the nuclei which have been randomly generated during 
sputtering. If. those crystal grains which have grown 
from such nuclei become independent crystal grains, then 
the dispersion of particle diameters should be about 
0.28 according to simulation with Voronoi figure. How- 
ever, practical crystal growth takes place such that 
adjoining particles coalesce into a single particle. 
This is true particularly with crystal grains with a 
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small dispersion of angles of c-axis. Crystals with six 
symmetries (as viewed in the direction perpendicular to 
the film surface) tend to form coalesced crystal grains 
because there is a high possibility that the crystal 
plane orientation of one crystal coincides with that of 
its adjacent crystal. The result is that the dispersion 
of particle diameters does not decrease as shown in Fig, 
3 even though the substrate temperature is raised. 
Incidentally, this is not the case with longitudinal 
magnetic recording media in which the c-axis is oriented 
in the longitudinal direction and hence there is a low 
possibility of adjoining grains coalescing. Thus the 
dispersion of particle diameters is about 0.3. By con- 
trast, in the case of magnetic recording medium with 
c-axis oriented in the perpendicular direction, the 
orientation of the c-plane (as viewed in the direction . 
parallel to the film surface) hardly coincides with that 
of adjoining crystals (or adjoining grains hardly coa- 
lesce) if the crystal grains are grown on a highly ir- 
regular surface. In other words, under such conditions 
the formation of large particles will be suppressed and 
the dispersion of particle diameters will approach 0.28. 

Fig. 7 shows the relation between the coercive 
force and the dispersion of angles of c-axis in the 
conventional technology. It is noted that if the dis- 
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persion of angles of c-axis is smaller than 6 degrees, 
the coercive force is 3000 Oe at the highest. 

The dispersion of angles of c-axis is measured in 
the following manner by using an X-ray dif f ractometer 
(0-26 method) . First, the diffraction peak due to the 
(00.2) plane is detected by changing the incident angle 
(9) of X-rays. With the incident angle of X-rays fixed 
for the thus obtained diffraction peak, the specimen is 
tilted and the intensity of X-rays detected at different 
tilting angles is plotted. Thus, there is obtained a 
rocking curve showing the distribution of peak intensi- 
ties. The full width at half maximum of the curve is 
regarded as the dispersion of angles of c-axis. 

In this example, the magnetic recording medium has 
a soft magnetic film of FeTa ( 10) C ( 6) , a non-magnetic 
intermediate laminate layer consisting of a 2-nm thick . 
film of NiTa ( 37 . 5) Zr ( 10) and a 3-nm thick film of 
CoCr(40), a 18-nm thick magnetic film of CoCr ( 19) Pt ( 14 ) , 
and a 5-nm thick protective film of carbon. The soft 
magnetic film of FeTa (10) C (6) was heated at 250°C by an 
infrared lamp after its formation. The non-magnetic 
film of NiTa ( 37 . 5) Zr ( 10 ) was formed by magnetron sput- 
tering with argon at a pressure of 3.5 Pa. The argon 
pressure was kept rather high so as to roughen the sur- 
face of the film of NiTa ( 37 . 5) Zr (10) . The reason for 
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this as follows. It has been known from cross sectional 
TEM observation that crystal grains constituting the 
magnetic film epitaxially grow on the film of CoCr(40). 
However, it is considered that the dispersion of angles 
of c-axis in the magnetic film depends on the film of 
CoCr(40). When formed by the conventional technology, 
the film of CoCr(40) has a dispersion of angles of 
c-axis smaller than about 5 degrees as shown in Fig. 7, 
whereas when formed on the film of NiTa ( 37 . 5 ) Zr ( 1 0 ) with 
its surface roughened, the film of CoCr(40) has a dis- 
persion of angles of c-axis larger than about 5 degrees. 
As the dispersion of angles of c-axis increases, there 
is a lower possibility of adjoining grains coalescing, 
which leads to a reduced dispersion of particle diame- 
ters . 

On examination of the rocking curve obtained from 
X-ray di f f ractometry , the magnetic recoding medium in 
this example was found to have a dispersion of angles of 
c-axis of 8 degrees. It was also found to have a coer- 
cive force of 4100 Oe and a squareness ratio of 0.90. 

After its test for magnetostat ic characteristics, 
the magnetic layer was observed under a transmission 
electron microscope to examine the crystalline structure 
on its surface and cross-section. It was found that the 
stacking fault density is 0.070 and the dispersion of 



particle diameters is 0.28. A probable reason why the 
stacking fault density is higher than 0.05 is that the 
magnetic layer was not annealed after it had been formed. 
Yet, the stacking fault density is still higher than 
about 0.11 which is obtained from Fig. 1 showing how the 
stacking fault density depends on the film-forming tem- 
perature. A probable reason for this is that the inter- 
mediate layer of CoCr(40) stabilizes the crystalline 
structure in the early stage of crystal growth of the 
magnetic film, thereby suppressing the stacking faults. 
The magnetic recording medium in this example was found 
to have the stacking fault density and the dispersion of 
particle diameters such that their product is smaller 
than 0.02. It was also found to have a coercive force 
as high as 4000 Oe . Incidentally, a comparative sample 
having an intermediate layer of CoCr(40) without anneal- 
ing for reduction in the dispersion of particle diame- 
ters has a coercive force of 3500 Oe, but it does not 
have a sufficient coercive force in excess of 4000 Oe. 

The magnetic recording medium obtained in this ex- 
ample was mounted on a magnetic recording apparatus 
(shown in Fig. 11) for evaluation of read/write charac- 
teristics. The write unit, which is the single-pole 
type head, has a track width of 170 nm. The read unit 
has an effective track width of 124 nm and a shield 
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space of 60 nm. The read unit employs a giant magneto- 
resistive element. The write/read test was carried out 
under the following conditions. 

• Linear recording density: 769 kFCI 

• Track pitch: 195 nm 

• Distance between the magnetic head and the magnetic 
recording medium: 15 nm 

There was obtained an S/N ratio of 21.4 dB. This 
value is high enough for the magnetic recording medium 
to have a recording density in excess of 50 Gbit/in 2 . 

Then, the sample was examined for the rate of. de- 
crease of the read output with time. The rate of de- 
crease was 2% when the read output was measured 100 
hours after recording with a linear recording density of 
100 kFCI. This suggests that the sample will retain 
recorded data for a long period of time. 
Example 4 

This example demonstrates the effect which is pro- 
duced by reducing the amount of platinum. The sample of 
the magnetic recording medium in this example has a soft 
magnetic film of FeTa (10) C (6) , a 5-nm thick intermediate 
film of NiTa (37.5) Zr (10) , a 6-nm thick film of 
CoCr (17) Pt (8) (as a first magnetic layer), a 12-nm thick 
film of CoCr (19) Pt (16) (as a second magnetic layer), and 
a protective carbon layer. The total thickness of the 
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magnetic layer is 18 nm. The soft magnetic film of 
FeTa(10)C(6) was heated at 250°C by an infrared lamp 
after its formation. 

The sample was tested for magnetos tatic character- 
istics by using a vibrating sample magnetometer. It was 
found to have a coercive force of 4000 Oe and a square- 
ness ratio of 1.0. After its test for magnetostatic 
characteristics, the magnetic layer was observed under a 
transmission electron microscope to examine the stacking 
fault density and the dispersion of particle diameters. 
It was found that the stacking fault density is 0.050 
and the dispersion of particle diameters is 0.40. A 
probable reason for reduction in the stacking fault 
density is a decrease in the amount of platinum in the 
first magnetic layer. This will be explained below in 
more detail. 

The distribution of stacking faults in cross- 
section varies depending on the film-forming temperature 
(214°C and 330°C). as shown in Fig. 13 (with the ordinate 
representing the incremental thickness of film and the 
abscissa representing the number of stacking faults) . 
It is noted that the stacking fault density increases in 
the early stage of crystal growth in the magnetic film 
regardless of the film-forming temperature. A possible 
cause for this is a stress that occurs in the interface 



between the magnetic film and the intermediate film,. 

In the meantime, Journal of Magnetism and Magnetic 
Materials, vol. 152 (1996) pp. 265-273, reports the 
magnetic anisotropy which occurs in a magnetic layer of 
CoPt alloy for longitudinal recording medium formed on 
the substrate. The reported data indicate that the 
magnetic anisotropy rapidly decreases as the amount of 
platinum in the CoCr alloy exceeds 12 at% . This sug- 
gests a steep increase of stacking faults in the mag- 
netic layer. Therefore, it is considered that the upper 
limit of platinum to be added to the magnetic layer is 
12 at%. Thus, in the case where the magnetic film is 
composed of two layers, the lower film should be formed 
such that the amount of platinum is less than 12 at%. 
In this way it would be possible to sufficiently de- 
crease the stacking fault density in the initial stage . 
of crystal growth. The low stacking fault density of 
the magnetic film in this example may be attributable to 
the laminate structure of two magnetic layers, the first 
layer containing a less amount of platinum for reduction 
of stacking faults and the second layer being isolated 
from the stress at the interface of the intermediate 
film. 

The magnetic recording medium obtained in this ex- 
ample was mounted on a magnetic recording apparatus 



-30- 



(shown in Fig. 11) for evaluation of read/write charac- 
teristics. The write unit, which is the single-pole 
type head, has a track width of 170 nm. The read unit 
has an effective track width of 124 nm and a shield 
space of 60 nm. The read unit employs a giant magneto- 
resistive element. The write/read test was carried out 
under the following conditions. 

• Linear recording density: 769 kFCI 

• Track pitch: 195 nm 

• Distance between the magnetic head and the magnetic 
recording medium: 15 nm 

There was obtained an S/N ratio of 20.5 dB . This 
value is high enough for the magnetic recording medium 
to have a recording density in excess of 50 Gbit/in 2 . 

Then, the sample was examined for the rate of de- 
crease of the read output with time. The rate of de- 
crease was 2% when the read output was measured 100 
hours after recording with a linear recording density of 
100 kFCI. This suggests that the sample will retain 
recorded data for a long period of time owing to its 
good thermal stability. 

[Effect of the invention] The magnetic recording medium 
of the present invention has a high coercive force and 
good resistance to thermal decay. Moreover, it will 
realize a magnetic recording apparatus having a re- 
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cording density in excess of 50 Gbit/in 2 when it is used 
in combination with a magnetic head having a high mag- 
neto-resistive effect • 



